We previously reported the presence of memory CD4 + T cells that express low levels of SAMHD1 (SAMHD1 low ) in peripheral blood and lymph nodes from both HIV-1 infected and uninfected individuals. These cells are enriched in Th17 and Tfh subsets, two populations known to be preferentially targeted by HIV-1. Here we investigated whether SAMHD1 low CD4
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Introduction
The remarkable stability of the latent HIV-1 reservoir in the CD4 + memory T cell population prevents viral eradication with current antiretroviral therapy (c-ART). HIV-1 persistence is established through two major mechanisms: constitution of a small pool of lifelong latently infected CD4 + T-cells early in infection, ensuring the persistence of the virus for decades during c-ART [1, 2] and residual replication of the virus at low levels in anatomical reservoirs in which c-ART may not diffuse [3] . Identifying cellular markers expressed at the surface of these cells may lead to novel therapeutic strategies to eliminate, or at least reduce the size of the HIV-1 reservoir [4] . HIV-1 populations can vary in resistance to drugs, diversity and cellular tropism [5] [6] [7] . Viral compartmentalization between cellular subsets has been reported [8] [9] [10] , and the dynamics of HIV-1 migration between anatomical compartments has been largely investigated [11] [12] [13] [14] [15] . However, the compartmentalization of HIV-1 within the same pool of activated or memory CD4 + T cells within the same infected individual has not been investigated.
HIV-1 can persist in several subsets of CD4 + with different functional properties and trafficking potential [2, [16] [17] [18] [19] [20] . Central memory (TCM) and transitional memory (TTM) CD4 + T cells were identified as the major cellular reservoirs for HIV-1 during c-ART [2] . A less differentiated subset of long-lived cells with high self-renewal capacity, the stem-cell memory CD4 1A) in peripheral blood of c-ART HIV-1 infected patients (n = 17) then determined their frequencies and compared them to uninfected individuals (n = 13 (Fig 1D) , while we did not observe any significant difference in Th1Th17 compartment (1.68% vs 3.63%, p>0,05). Of note, we did not observe any difference in the characteristics of the two patients who exhibited higher %SAMHD1 low cells (Fig 1B and 1D) .
Results

Memory
Next we assessed and compared the percentages of these 4 subsets in SAMHD1 low and SAMHD1 + compartments in both HIV-1 infected and uninfected groups. (Fig 3A) . Given that cells required fixation and permeabilization for staining, we developed suitable protocols for nucleic-acids extraction and quantitative PCR experiments for HIV-1 quantification as detailed in the methods part. We first trialed our new protocol using unfixed and fixed/permeabilized peripheral blood mononuclear cells (PBMCs) to quantify and compare levels of total HIV-1 DNA in 10 HIV-1 infected individuals receiving c-ART, with a limit of detection of 3 copies/PCR. We expressed each value as number of HIV-1 DNA copy per million of cells. The results indicated that fixed and unfixed PBMCs harboured HIV-1 DNA at equivalent levels (Fig 3B left panel; (Fig 4) .
To quantify the diversity of HIV-1 env in HIV population originating from different subsets, we computed the average pairwise distance (APD) between reads in all samples from the 12 studied individuals. We also determined the genetic divergence (i.e. APD between reads) from different cellular subsets within host.
Every individual showed distinct degrees of HIV-1 DNA diversity within subsets and divergence between subsets (S1 Fig). The APD between subsets (i.e. divergence) confirmed the well-segregated HIV-1 DNA populations in subsets, suggesting a very limited viral exchange. We then used Slatkin Maddison counts to provide a quantitative estimate of viral gene flow between each cell subset ( S2 Fig). We confirmed the minimal viral exchange represented by low number of migration events (ME) originating from memory SAMHD1 low toward naïve SAMHD1 + and memory SAMHD1 + cell subsets (4.44ME [1] [2] [3] [4] [5] [6] [7] [8] Moreover, we conducted phylogenetic analyses and a large variety of tree-based (i.e. Slatkin Maddison (SM), Simmonds association index (AI), Fitch parsimony score (PS), and monophyletic clade size (MC)) and distance-based methods (Wright's measure of population subdivision, i.e. FST test) to investigate the population structure and dynamics of HIV-1 reservoir and elucidate cellular processes that maintain it. Based on the SM, F ST , AI, and PS statistics, we rejected the null hypothesis of no association between the location trait (cellular subset) and the phylogeny (P<0.001) (S1 Table) . For the MC statistic, we also rejected the null hypothesis of no association between sampled location and the structure of the phylogeny (P�0.01) for all but 2 participants (#11 and #12).
SAMHD1
low cells contain p24-producing cells Altogether these data demonstrate that memory SAMHD1 low cells are a reservoir thus contributing to HIV-1 persistence. It is well known that persistence of long-lived and latently infected resting memory cells in c-ART patients, represents the major barrier to cure [1, [39] [40] [41] [42] [43] [44] [45] [46] . It has been suggested that the pool of latently infected cells is not static and HIV-1 reservoir can persist through cell proliferation, whether it is homeostatic-or TCR-induced [2, 47, 48] , but also through provirus integration into cellular genes associated with cell survival and/or proliferation [48, 49] . Thus lowviral replication leads to de novo cellular infection and constant replenishment of HIV-1 reservoir.
Based on our recent data where we demonstrated that SAMHD1 levels decreased with cell proliferation, which was associated with higher susceptibility to HIV-1 infection in vitro [ . We conducted phylogenetics analyses and a large variety of tree-based and distance-based methods to investigate the population structure and dynamics of HIV-1 reservoir and elucidate cellular processes that maintain it. Altogether, our data revealed well-segregated HIV-1 DNA populations and cellspecific compartmentalization of HIV-1 DNA populations across the three cell subsets, in 10 out of 12 individuals. The compartmentalization between memory and naïve CD4 + T cells is consistent with previous studies where distinct HIV-1 DNA populations were observed in various cell subsets including total memory, activated and naïve CD4 + , blood monocytes and NK cells [8,9, 
>0.05).
The limited sample size and sequenced HIV-1 coding region (partial HIV-1 env) prevent us to rule out that viral exchange may occur between cellular subsets, with other treatment regimens or in other populations. Another limitation of this report is the use of the 454 sequencing platform, which is more prone to homopolymer-associated, per-base errors [52] and artifact recombination [53] . To overcome this limitation, we applied rigorous quality control procedures for deep sequencing, as previously described in our group and others [54] [55] [56] . Our validated bioinformatics pipeline includes strict quality filtering steps [57] [58] [59] and only qualitycontrolled reads were included in the analysis [60] . Future studies using more recent sequencing technologies that are less prone to single-base errors, the use of Primer ID [61] or single genome amplification/Sanger sequencing [62] in different settings could also be enlightening. Nevertheless, to our knowledge this is the first study revealing such compartmentalization in viral sequences between cells from the same memory pool.
In Fig, S4 Fig), we found more HIV-1 DNA and p24 + cells in SAMHD1 low cells, which might be the consequence of post-entry mechanisms.
We can reason that HIV-1 persistence in proliferating SAMHD1 low memory T cells is facilitated by the lack of SAMHD1. The lack of this restriction factor relieves the pressure on the virus allowing thus its integration and possible compartmentalization following proliferation. These results uncover a new mechanism that may account for the high susceptibility toward HIV-1 infection of rapidly proliferating effector/ memory CD4 + T cells. 
Materials and methods
Ethics statement
Ethics committee (CCPPRB Créteil Henri Mondor) approved this study and written informed consent from all patients, in accordance with the Declaration of Helsinki, were obtained prior to study initiation.
Biological samples
Peripheral blood was collected from healthy controls (n = 13) obtained from Etablissement Français du Sang (Créteil, France) and from c-ART HIV-1 infected individuals (n = 49), were recruited at the Department of Infectious Diseases in Henri Mondor Hospital (Créteil, France). Patients from this cohort were used for phenotypic characterization and/or HIV-1 DNA quantification and sequencing. HIV-1 infected elite controllers (EC, n = 6) were included in some experiments. Tables 1 and 2 
ex-vivo T-cell phenotyping
Fresh PBMCs were isolated by density gradient centrifugation. FACS staining was carried out in PBS 1X supplemented with 2% FBS (foetal bovine serum) for 30 min at 4˚C using the following fluorochrome-conjugated antibodies: APC-Vio770 anti-CD4, PerCP-Cy5. Characteristics of the study population N Pt Gender Age Duration of treatment (years) Time from HIV-1+ CD4 count/ml CD8 count/ml CD3 count/ml VL (copies/ml) Nadir CD4 
HIV-flow procedure
Fresh and frozen samples from 7 c-ART, 3 viremic (VIR) HIV + and 3 healthy HIV-individuals were included. CD4 + T cells were isolated by negative selection using magnetic beads (Miltenyi Biotech). Purity was >95%. 3-10x10 6 CD4 + T cells, depending on patients' CD4 count, were resuspended at 2x10 6 cells/mL in RPMI + 10% Fetal Bovine Serum. Cells were stimulated with 0.5ug/ml anti-CD3/CD28 antibodies (Miltenyi Biotech) for 48hrs at 37˚C. Samples were preincubated for 1h with 5μg/mL Brefeldin A (BFA, Sigma, B2651) before stimulation. BFA was maintained in the culture until the end of the stimulation. After stimulation, cells were collected, resuspended in PBS and stained with the Aqua Live/Dead staining kit for 30min at 4˚C. Cells were then stained with antibodies against cell surface molecules: APC-Vio770 anti-CD4 (Miltenyi Biotech), Pacific Blue anti-CD3 and PE-CF594 anti-CD45RO (BD Bioscience) in PBS + 4% human serum (Institut de Biotechnologies Jacques Boy, France) for 30min at 4˚C. Cells were fixed and permeabilized using the "FoxP3 permeabilization solution kit" according to the manufacturer's instructions (Affymetrix, eBioscience), and then stained with PE antip24 KC57 (Beckman Coulter, Villepinte France), APC anti-p24 28B7 (1/10 dilution) 
Cell sorting
Fresh peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation. CD4
+ T-cells were separated from PBMCs using the "CD4 T cell Isolation kit II" (Mil- 
Decross-link and DNA extraction
HIV-1 DNA was purified in column extraction, using the QIAamp DNA Blood Mini Kit (Qiagen) with an additional decross-link step. Sorted cells were washed and resuspended by pulsevortex in 200 μl PBS 1X, 200 μl lysing buffer AL from the QIAamp DNA Blood Mini Kit supplemented with 20 μl Proteinase K. After 10 min incubation at 56˚C, 1.25 mM NaCl was added, and lysates were incubated for another 4 hours at 66˚C. 40 μl of Proteinase K was added and lysates were incubated for an additional 60 min at 45˚C. Lysates were stored at -80˚C or processed immediately. All reagents used for subsequent DNA extraction were provided from the QIAamp DNA Blood Mini Kit (Qiagen). Following decross-linking steps, tubes were incubated at 100˚C for 30 min, mixed by pulse-vortexing every 10 min and cooled at room temperature. Tubes were briefly centrifuged and complemented with 200 μl ethanol (96-100%). Lysates were mixed, applied to the QIAamp Mini spin columns and centrifuged at 6000 x g for 3 min. The columns were placed in clean collection tubes after each centrifugation step. Columns were supplied with 600 μl buffer AW1 and centrifuged at 6000 x g for 3 min. Another 600 μl buffer AW2 was added and columns were centrifuged at 20,000 x g for 3 min, then centrifuged at full speed for 1 min respectively. DNA elution was performed by adding 100 μl buffer AE preheated at 70˚C to the columns. After 5 min incubation at room temperature, tubes were centrifuged at 6000 x g for 3 min. DNA Eluates of nucleic acid extract were stored at -80˚C.
Unfixed cells were used for DNA extraction without decross-link step. 0.5x10 6 PBMCs samples from each patient were kept for this purpose.
HIV-1 DNA quantification
Quantification of total HIV-1 DNA was performed using the commercial kit « Generic HIV DNA Cell » (Biocentric, Bandol, France) Viral DNA was quantified in PBMCs and sorted cells by real-time PCR, by detecting and amplifying the LTR region of total cellular HIV-1 DNA, integrated or not. The quantification was carried out on 20 μl of nucleic acid extract, with a maximum of 150,000 cells, according to the manufacturer's protocol. It was calibrated by carrying out and quantifying HIV-1 DNA range of known concentrations (6 to 6000 copies / 20 μl of solution); this DNA was derived from the HIV-1 strain HXB2, produced by the 8E5 cell line. Total cell number of each sample was determined by the quantification of the albumin gene. The amount of HIV-1 DNA copies was expressed per million PBMCs.
Next generation sequencing and sequence analyses
Deep sequencing of PCR-amplified env C2-V3 (HXB2) was performed using the Roche 4.5.4 GS Junior platform (Basel, Switzerland) with microtiter-plate pyrosequencing technology. The different stages of this sequencing required the use of the GS Junior kit emPCR Kit Lib-A (Roche), respecting the manufacturer's protocol. Read (FASTA) and quality score files produced by the 454 instruments were further analyzed using a bioinformatics pipeline available at https://github.com/veg/HIV-NGS. In brief, high-quality reads were retained and aligned to HXB2 as a reference sequence (without generation of contigs) using an iterative codon-based alignment procedure. Identical sequence reads were clustered, allowing identification of nonredundant sequences. When a cluster contained a minimum of ten identical sequence reads, a haplotype was inferred, and the proportion of reads in each haplotype was collected as previously described [73] . The final output consisted of a list of representative haplotypes and their relative frequencies. For each sample, we then computed the average pairwise distance (APD) between reads with at least 100 overlapping base pairs to quantify nucleotide diversity under the Tamura Nei 93 model [74] . We also quantified the APD (i.e. divergence) between HIV-1 populations originating from different cellular subsets within each host. Phylogenetic analysis. HIV haplotypes above a minimal frequency threshold of 0.01 were extracted and were used to construct maximum likelihood phylogenies using FastTree [75, 76] .
Viral compartmentalization and population structure
Evaluation of the population genetic structure (i.e. compartmentalization) was first assessed by the Fst approach defined as F XY = 1 -π I / π δ , where πI is the estimate of mean pairwise intracompartment genetic distance (TN93) [77] and πD is its inter-compartment counterpart [78] . Both quantities were computed by comparing all reads from all cellular subsets, subject to the requirement that they share a minimum 150 aligned nucleotide positions. Subsequently, to guard against inference of compartmentalization by skewing of allelic frequencies due to PCR amplification and other biases, we recomputed FST by discarding copy number counts for read clusters (i.e. each cluster was counted as having only one sequence), i.e. all haplotypes are assigned a relative weight of 1. Statistical significance of both tests was derived via 1,000 population-structure randomization/permutation test. We also performed a tree-based SlatkinMaddison (SM) test for compartmentalization [79] . This method determines the minimum number of migration events between compartments (i.e. cellular subset). Statistical support was determined by comparing this number of migration events to the number of events that would be expected in a randomly structured population [80, 81] . HIV-1 sequenced populations were considered compartmentalized if all tests were congruent. Finally, for each discrete 'location trait' (i.e. cellular subset compartment), we calculated the association index (AI), Fitch parsimony score (PS), and monophyletic clade size (MC) statistics using BaTS v1.0 [82] . The reported P-value is the proportion of trees from the null distribution equal to, or more extreme than, the median posterior estimate of the statistic from the posterior set of trees, and we reject the null hypothesis for a significance level of 0.001, 0.001, and 0.01 for AI, PS, and MC statistics, respectively.
Statistical analyses
T-test, one-way, two-way analysis of variance (ANOVA) followed by Bonferroni post tests were performed on data in Figs 1, 2, 3 and 5 as mentioned in figures legends. Correlations were evaluated using the Spearman's rank correlation test. P value less than 0.05 was considered significant. Statistical analyses and graphic representation of the results were performed using Prism (v.5.0b; GraphPad, San Diego, California, USA). 
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